A unilateral transtibial amputation causes a disruption to the musculoskeletal system, which results in asymmetrical biomechanics. The current study aimed to assess the movement asymmetry and compensations that occur as a consequence of an amputation when performing a countermovement vertical jump. Six unilateral transtibial amputees and 10 able-bodied (AB) participants completed 10 maximal vertical jumps, and the highest jump was analyzed further. Three-dimensional lower limb kinematics and normalized (body mass) kinetic variables were quantified for the intact and prosthetic sides. Symmetry was assessed through the symmetry index (SI) for each individual and statistically using the Mann-Whitney U test between the intact and prosthetic sides for the amputee group. A descriptive analysis between the amputee and AB participants was conducted to explore the mechanisms of amputee jumping. The amputee jump height ranged from 0.09 to 0.24 m. In the countermovement, all ankle variables were asymmetrical (SI > 10%) and statistically different (p < .05) for the amputees. At the knee and hip, there was no statistical difference between the intact and prosthetic sides range of motion, although there was evidence of individual asymmetry. The knees remained more extended compared with the AB participants to prevent collapse. In propulsion, the prosthesis did not contribute to the work done and the ankle variables were asymmetrical (p < .05). The knee and hip variables were not statistically different between the intact and prosthetic sides, although there was evidence of functional asymmetry and the contribution tended to be greater on the intact compared with the prosthetic side. The lack of kinetic involvement of the prosthetic ankle and both knees due to the limitation of the prosthesis and the altered musculoskeletal mechanics of the joints were the reason for the reduced height jumped.
A transtibial amputation involves the surgical removal of the lower leg and causes major disruption to the musculoskeletal system. Restricted plantar and dorsiflexion is desirable at the prosthetic ankle to maintain stability within the kinematic chain, and a compromise must be found between stability and joint range of motion to assist functionality (Klute et al., 2001) . Enhanced prosthetic design has attempted to reduce the consequences of the amputation through the development of dynamic elastic response (DER) prostheses with the aim to improve an amputee's gait (Hsu et al., 2000; Pitkin, 1997; Underwood et al., 2004) . These prostheses aim to store and return strain energy similar to the muscletendon complexes found in human tissue (Czerniecki et al., 1991) . Dorsiflexion of the prosthetic ankle is achieved by compression of the toe spring where strain energy is stored. During recoil of the toe spring, plantar flexion is achieved and the stored energy is returned. Key criteria for the effective use of the stored energy are the return time, frequency, and location. Since the stiffness of the DER spring is difficult to alter, it has been designed to be suitable for a range of physical activities. Therefore, the prosthesis is limited in its mechanical functionality when the dynamic movement changes, resulting in movement-specific compensatory mechanisms at the residual joints and the intact limb. The limitations of the prosthesis, evidenced in the asymmetry between the limbs and altered mechanics compared with those without an amputation, have only been reported for walking and running. Here the kinematic compensations are aimed at maintaining the prosthetic limb in an upright position to ensure stability at the knee (Engsberg et al., 1993; Hurley et al., 1990; Sanderson & Martin, 1996; Sanderson & Martin, 1997) . Kinetic gait analyses indicate that the intact limb generally adopts a dominant role evidenced by the larger vertical ground reaction forces (vGRF) experienced by the intact limb when compared with the prosthetic side and An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH able-bodied participants. Research has suggested that the increased vGRF on the intact side is a strategy adopted to protect the residual limb (Engsberg et al., 1991; Nolan & Lees, 2000; Nolan et al., 2003; Royer & Koenig, 2005) , possibly explaining why amputees often display a greater prevalence of joint degeneration in their intact limb compared with their residual limb and the able-bodied population (Gailey et al., 2008) . Melzer et al. (2001) reported that lower limb amputees had a 66% greater incidence of osteoarthritis in their intact knee compared with able-bodied participants. In addition, 50-62% of amputees have reported intact limb and lower back pain, respectively (Darnall et al., 2005) .
Vertical jumping is mechanically different compared with walking and running (Cortes et al., 2007; Hargrave et al., 2003) . During a CMJ both limbs simultaneously contribute to the generation of the required mechanics for maximal height to be achieved. Experienced able-bodied jumpers have shown no significant difference between the mechanics of the left and right lower body joints when jumping (Stephens et al., 2007) . However, since transtibial amputees demonstrate asymmetry in walking and running gait (Buckley, 2000; Mattes et al., 2000; Nolan & Lees, 2000) , it is possible that their lower body joint mechanics will also display asymmetry when performing a CMJ. Asymmetries in dynamic movements may not only compromise performance, but also lead to an increased risk of secondary injuries such as anterior cruciate ligament tears (Griffin et al., 2000) and development of knee joint osteoarthritis (Royer & Koenig, 2005) due to excessive internal loading. In contrast, a lack of internal loading of body structures can lead to diseases such as osteoporosis. Loading may therefore be necessary as a preventative measure for such conditions. Currently there are no noninvasive methods of accurately assessing internal forces within the human body and often potential injury is inferred from external data. Variables that have been used for injury identification as a result of cross-sectional analyses between injured and uninjured people include maximum total body vGRF and peak joint moments (Dufek & Bates, 1991; Podraza & White, 2010) .
When performing a CMJ the upward displacement of the center of mass (CoM) is brought about by the extension of the hip, knee, and ankle joints through the concentric contraction of the associated muscle groups (Bobbert & van Soest, 2001 ). An analysis of joint moments reflects the net muscular activity about the joint while the mechanical work generated at the joint indicates the net effect of the agonist and antagonist dynamic contractions. Vanezis & Lees (2005) found that improved jump performance was associated with participants with greater muscle capability reflected by greater joint moments and work. The dearth of research on how amputees develop alternative movement strategies in the absence of joints that have been shown to be crucial in jumping for able-bodied participants justified the research. This study aimed to determine the extent of the compensatory mechanisms, which result in asymmetrical jump mechanics, and how they influenced the amputees' performance. It was hypothesized that the maximum vertical ground reaction forces, joint range of motion, peak extensor moments, and work would be significantly different between the intact and prosthetic sides.
Methods

Participants
Six unilateral transtibial amputee (TTA) participants (5 male and 1 female, mean age 40 ± 5 years) took part in the study. All were more than 12 months postoperative with no secondary pathology and had a traumatic amputation. All the amputees wore rigid pylons and their own prosthesis (Table 1 ). Ten able-bodied (AB) participants (9 male and 1 female) of the same age range with no pathology also participated.
Participant TTA 4 was the only one to wear a non-DER prosthesis. The variables that appeared to be affected by the type of prosthesis are highlighted in the text. All participants (TTA and AB) were recreationally active with limited experience of jumping and wore their own footwear (athletic trainers). All participants signed an informed consent form approved by the University and the National Health Services' Ethics Committees.
Data Collection
Data were collected in a single session using two Kistler (model 9581C, sampling at 1080 Hz) force plates synchronized with a 9-camera infrared system (Vicon, Oxford UK, model 612, sampling at 120 Hz). Anthropometric measurements were recorded and reflective markers attached to the participants according to the Vicon (Vicon, Oxford UK) requirements for full body modeling with Plug-in-Gait (Davis et al., 1991) . For the amputees' prosthetic side, markers were placed on a level corresponding to that of the intact ankle since it has been shown that the differences in inertial properties have no significant influence on joint moment calculations (Miller, 1987) . Following a 5 min warm-up on a treadmill at a self-selected fast walking velocity, the participants were given the opportunity to practice and familiarize themselves with the jumping criteria and laboratory conditions. Ten maximal effort bilateral CMJ's were performed with hands on hips and 1 min rest between each trial. A bilateral jump was chosen since amputees are unlikely to perform a vertical jump without the support from the intact limb in natural conditions. The arms were restricted to eliminate the effect of arm swing on lower limb mechanics (Hara et al., 2006; Lees et al., 2004 ). The only instruction given was to jump as high as possible. The jumps were performed with each foot on a separate force plate. Trials were excluded if the participants used their arms or if they missed the force plates during landing. On average 13 trials were required to collect 10 successful trials.
Treatment of Data
The single jump with the largest vertical displacement of the CoM (maximum vertical position less vertical position at take-off) was chosen for analysis. Jump kinetics and kinematics were calculated using Vicon Workstation software. Kinematic data were smoothed using Woltring's cross-validated quintic spline filtering routine (Woltring, 1985) with a mean squared error of 15 mm 2 set for noise tolerance on the marker trajectory data. The sagittal plane joint range of motion (RoM) was determined from the joint angle at the beginning to the end of the countermovement. Maximum vertical displacement of the heel (max Heel Rise) during the countermovement was determined from the heel marker. The maximum vGRF (max vGRF) was reported. The ground reaction force readings from the force plate were integrated with the kinematic model to determine joint kinetics. Inverse dynamics calculations, using standard procedures and assuming no difference between the prosthetic componentry and the intact limb, were used to determine the net joint moments at the ankle, knee, and hip and the maximum moment at each joint was reported. Joint power was integrated with time to calculate the positive and negative work (De Koning & Van Ingen Schenau, 1994) at each joint. All kinetic variables were normalized to body mass.
To indicate symmetry and compensatory mechanisms, variables are presented for the TTA participants as intact and prosthetic limb separately where appropriate. To facilitate understanding the effect of the asymmetrical movement patterns on the performance characteristics of the jump and on musculoskeletal health, the results were compared with the mean values for the AB participants. Asymmetry for the TTA participants was determined at both the individual and group level. At the individual level the symmetry index (SI) (Herzog et al., 1989 ) was calculated for all variables which had separate values for each limb (e.g., joint angles, moments, work done):
Where X i is the variable in question for the intact limb, and X p is the corresponding variable for the prosthetic limb. The magnitude of the SI indicates the degree of symmetry and the sign indicates the direction. Positive SI indicates that the value of the variable in question was greater on the intact side compared with the prosthetic side; negative SI indicates a greater value of the variable in question on the prosthetic side. A value of zero indicates perfect symmetry, and the larger the value, the greater the asymmetry. An SI value of greater than 10% is deemed to be asymmetrical (Giakas & Baltzopoulos, 1997) and is indicated in the results by an asterisk (*). The ranges of the SI values above 10% are given in the text. A limitation of the SI is that the average of the individual symmetry indices may result in false group mean values due to a combination of positive and negative values which cancel each other out (Giakas & Baltzopoulos, 1997; Stacoff et al., 2005; White et al., 1999) . Therefore, at a group level, a MannWhitney U statistical test was used (p < .05) to determine significant difference between the intact and prosthetic limb for the amputees. The absolute mean and standard deviation (SD) for all measures for both the TTA and AB participants were calculated. For the AB participants the individual scores (used to determine the group mean) was the mean of the left and right limb since no statistical differences and no SI above 10% were found for all variables.
Results
The height jumped, max vGRF for each limb and work absorbed in the countermovement phase at the ankles are presented in Table 2 .
All TTA participants jumped lower than the AB performances with a range of 0.09 m to 0.24 m (Table  2) . No statistically significant difference was evident between the intact and prosthetic side for the max vGRF (p = .065), although, the SI was greater than 10% for all TTA participants (SI: -12 to 74%). Reduced negative work was done at the prosthetic ankle compared with the intact ankle (SI: 13 to 115%; p = .04). For the intact side, the values were similar to those of the AB participants. Negative work done for the amputee with the non-DER prosthesis (TTA 4 ) did not differ from the other prostheses.
Max heel rise was significantly different (p = .002) and asymmetrical (SI: -102 to -206%) between the intact and prosthetic sides. However, the AB participants also demonstrated some vertical displacement of the heel indicating that their foot was not flat on the floor (Table 3 ). The ankle RoM was asymmetrical for all TTA participant (SI: 100 to 135%) and significantly different (p = .02) between the limbs where the intact limb produced similar ranges to the AB participants. There was no statistical differences for the knee and hip RoM between the intact and prosthetic sides, although two amputees (TTA 3,5 ) indicated asymmetry at both the knee (SI: -24% and -21% respectively) and hip (SI: -19 and -14% respectively). Compared with the AB participants, both knee joints for the TTA participants went through a smaller RoM. A larger RoM was seen at the prosthetic side hip (Table 3) .
Significantly reduced (p = .002) and asymmetrical (SI: 100 to 135%) max ankle joint moments were evident at the prosthetic ankle compared with the intact ankle ( Table 4 ). The amputee who wore the inert prosthesis (TTA 4 ) had a lower max ankle moment when compared with those who wore the DER. The significant difference in the magnitude of the max ankle moment was not apparent at the knee or the hip between the groups. However, when analyzing the individual responses, the max knee and hip moments were asymmetrical (SI: -25 to 90%) for at least three of the TTA participants (Table 4) . Significantly less (p = .002) and asymmetrical (SI: 168 to 185%) positive work was done by the prosthetic ankle compared with the intact ankle. There were no significant differences in the work done at the knee and hip between the intact and prosthetic sides, though individually there was evidence of asymmetry for all the TTA participants at the knee (SI: -25 to 60%) and for three (TTA 2, 3, 5 ) at the hip (SI: -19 to 70%). The TTA participant who achieved the highest jump (TTA 1 ) generated the greatest work at the hip and this was symmetrical (Figure 1 ).
On the intact side the total work done by the TTA participants was comparable to the AB data. However, the AB participants contribute reasonably equally (ankle: 31%, knee 37%, and hip 32%) for each joint, but the TTA participants contribute more at the ankle and less at the knee. On the prosthetic side, the overall work done was less than the AB participants by 0.76 J·kg -1 at the ankle, 0.61 J·kg -1 at the knee and 0.11 J·kg -1 at the hip. The reduced joint work resulted in the prosthetic side contributing only 1.3 J·kg -1 while the intact limb contributed 2.5 J·kg -1 , both of which were low compared with 2.8 J·kg -1 , per limb for the AB participants (Figure 1) .
When the intact and prosthetic sides are added together to give an overall hip, knee and ankle work contribution, most of the work was produced at the hips (36-50%), followed by the ankles (24-31%) and then the knees (22-28%) with the exception of TTA 4 , who wore the non-DER prosthesis.
Discussion
As jumping is a multijoint action that requires substantial muscular effort from the lower limbs, it was expected that biomechanical compensations, reflected in asymmetry and in alterations to AB movement patterns would be evident as a result of the amputation. This research is a first step toward identifying these compensations to inform prosthetic design improvements and amputee rehabilitation/exercise programs for movements that require altered mechanics compared with walking. The main performance indicator for a vertical jump is the height achieved, which was relatively low for the amputees as a result of altered mechanics. Symmetry in jump biomechanics is generally assumed as it is a bilateral task and was demonstrated by Stephens et al. (2007) for trained participants performing a bilateral jump. For the TTA participants used in this study, the major structural change as a result of the amputation along with the associated impaired mechanical, physiological, and sensory feedback capacity resulted in a statistical difference between the intact and prosthetic sides and individual asymmetry at the ankle throughout the jumping task. Significant differences were not evident at the knee or hip for any of the variables, though some variables were asymmetrical for some individuals.
In the countermovement, the knees and hips maintained kinematic symmetry, through prosthetic heel vertical displacement to compensate for the lack of prosthetic ankle dorsiflexion, and by reducing the RoM at the intact knee and hip. The lifting of the prosthetic heel did not enhance performance as it has been shown that a negatively inclined foot (toe rise) is better for jump performance (Larkins & Snabb, 1999) . Maintaining the intact foot flat on the floor was possibly a strategy to keep the area of contact as large as possible to assist balance during the countermovement descent and compensate for the increased residual knee joint instability associated with a heel lift (Powers et al., 1994) . Such a strategy highlights the trade off between mobility and stability in amputee movements.
On the prosthetic side, reduced knee RoM compared with the AB participants and previous literature (Moran & Wallace, 2007; Vanrenterghem et al., 2004) can been associated with reducing the potential for the knee to collapse when loaded (Sanderson & Martin, 1997; Strike & Diss, 2005) as a result of the joint's decreased strength and disrupted musculature. To enable positive work in the propulsion phase, the dynamic element of the prosthesis needs to be loaded and deformation must occur. In walking and running, this occurs as the body progresses over the foot in the second part of stance. In jumping, such a progression is not seen and this, along with the vertical displacement of the heel, resulted in the prosthesis not being loaded or deformed effectively and minimal work was done.
In propulsion, the asymmetrical and compromised performance at the ankle is continued and statistical differences between the intact and prosthetics sides and individual asymmetry persist for all variables. Since the prosthesis is passive in nature, the recoil moment is related to the proceeding loading. A reduced plantar flexor (recoil) moment, which is similar to that seen in walking (approx. 1.2 N·m·kg -1 ) (Vanicek et al., 2009) was noted during propulsion, indicating the limitation of the prosthesis to adapt to different demands. The RoM, plantar flexor moment and positive work done at the intact ankle was similar to the AB participants, and previous literature (Bobbert & van Ingen Schenau, 1988; Moran & Wallace, 2007; Vanezis & Lees, 2005) , indicating that the asymmetry was a consequence of the amputation.
Although there was no statistical difference between the intact and prosthetic sides at the knee and hip, five of the six amputees had asymmetrical maximum knee extensor moments of whom three further demonstrated asymmetry at the hip. Generally larger moments and vGRF on the intact side indicate that the intact limb was more involved in producing the movement. The higher maximum force experienced on the intact side is consistent with other activities, such as walking and running where the intact limb assumes a dominant role (Engsberg et al. 1991; Nolan & Lees 2000; Nolan et al., 2003; Royer & Koenig 2005) . Increased peak forces, in combination with increased knee extension and reduced extensor moments on the intact side may be of concern for amputees since it may predispose them to ACL injuries associated with asymmetrical loading in jumping maneuvers (Impellizzeri, et al. 2007) .
Peak joint moments are representative of the joint rotation for the upward translation of the CoM from the end of the countermovement through propulsion. Our AB participants were not elite performers, but had exercise levels similar to the amputees, and jumped lower than the height achieved in the literature (Bobbert et al., 1987a; Feltner et al., 2004; Moran & Wallace, 2007) which may be attributed to decreased strength evidenced by lower peak knee and hip moment magnitudes, compared with experienced jumpers (knee: ∼1.74 N·m·kg -1 ; hip: ∼1.96 N·m·kg -1 ) (Bobbert & van Ingen Schenau, 1988; Moran & Wallace, 2007; Vanezis & Lees, 2005; Vanrenterghem et al., 2004) .
In AB participants, the relative contribution of the lower body joints to the total positive work generated in the concentric phase of the jump remains speculative. The AB participants in this study proportioned the work such that the ankle (31%), knee (37%), and hip (32%) did similar percentages of work. However, Hubley and Wells (1983) reported that, in elite performers, the knee was the main generator of work, contributing 49% to the total positive work, while the hip and ankle contributed 28% and 23%, respectively. In contrast, Fukashiro and Komi (1987) found that the hip contributed 51% to the total positive work, while the knee and ankle joints generated 33% and 16%, respectively. Vanezis and Lees (2005) suggested that two strategies can be employed when jumping, either knee or hip driven. Our results for nonelite performers indicate a tendency toward a knee strategy for the AB participants (Vanezis & Lees, 2005) . For the amputees the total work done by the intact limb for the TTA participants was less than the total limb work for the AB participants, mainly attributed to reduced work done by the knee. The prosthetic side does less work in total and not surprisingly this is attributed to the ankle, and to a lesser extent to the knee. The amputees indicate a tendency toward a hip strategy (Vanezis & Lees, 2005) .
Clearly, these untrained TTA participants have not learned to alter their technique wholly effectively and so their jump heights are substantially reduced compared with AB participants. The amputee who jumped the highest had the most symmetrical max vGRF and, while his knee extensor moment was similar to the remaining participants, his hip extensor moment and work were much greater on both sides. This amputee also demonstrated the greatest RoM at both hips when compared with the AB participants. This hip engagement compensatory mechanism is consistent with research on amputee running gait. When running speed was increased, Sanderson and Martin (1996) found that amputees increased moments markedly at the residual hip and only a small change was evidenced at the knee and the prosthetic ankle. Domire and Challis (2010) highlighted through simulation studies, that in jump movements where the arms are restricted, the jump performance can be improved by permitting muscles, particularly those associated with the hip, to develop force production by slowing joint extension. They suggested encouraging this strategy when jump improvements in performance are desired.
While the role of the arms in natural jumping cannot be discounted, this study chose to investigate the mechanisms of the legs and to isolate any contribution from the arms to determine how the limbs most affected by the amputation would respond. Further, it is acknowledged that the variety of amputees and prostheses used may affect the results, but controlling for these at the expense of recruiting amputees for inclusion to this study was not viable. Although efforts were made to recruit amputees who wore a DER prosthesis, one amputee wore an inert prosthesis. The results for this amputee were included in the analysis with the few alternative movement patterns highlighted in the text. As the results were not systematically different from those participants who wore a DER prostheses, the use of DER prosthesis for nonelite users may be questioned. Further work is required on inert and dynamic prosthesis in all activities.
It appears that the main cause of the lower jump height achieved by the amputees is the lack of kinetic involvement of the prosthetic ankle and the intact and prosthetic knees due to limitations of the prosthesis and the altered musculoskeletal mechanics about these joints. To address this limitation, further work on altering the prosthesis to promote dorsiflexion and energy storage in this movement, which does not involve advancement of the body over the prosthesis, is required and assessing its impact in jump performance and symmetry is justified. However, if amputees are to be able to wear the same prosthesis and effectively participate in a range of dynamic activities that require different kinematics and kinetics, then a more useful solution will be to develop compensatory mechanisms to make the most use of the prosthesis worn. To this end, amputees would seem to benefit from loading the prosthesis through hip extensor engagement, which can then compensate for the altered ankle and knee mechanics. Further work on training amputees to adopt this movement strategy and determining the implications of this on performance and symmetry is warranted. Taking off from a jump is unlikely to cause short or long term injuries for transtibial amputees, though monitoring for ACL injuries is recommended. Further work is required on other dynamic activities to assess the musculoskeletal risks of participating in exercise.
